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1 Introduction
Long wavelength baroclinic oceanic Rossby waves play a
significant role in ocean dynamics. They maintain and in-
fluence the strong western boundary currents, are the main
oceanic response to changes in atmospheric forcing and are
an indicator of the length of time that anomalous condi-
tions persist (Gill 1982) . However, due to their small sea
surface signature (  0.1 m) and slow propagation speeds
(  0.1 m/s), detection of these waves was nearly impossible
prior to the advent of satellite altimetry. With more than a
decade of altimeter data from the TOPEX/Poseidon (T/P)
satellite and prior missions, it is now possible to examine
Rossby waves at the basin wide or global scale with cen-
timeter accuracy (see Fu and Chelton (2001) for a review).
These observations are a particularly valuable resource for
areas where in situ observations are scarce, such as in the
South Pacific Ocean.
Due to their westward propagation, the surface signa-
ture of Rossby waves is clearly visible in longitude-time
plots (also known as Hovmo¨ller diagrams) of sea surface
height anomalies (SSHA) and to some extent in sea sur-
face temperature (SST) and ocean colour data (Cipollini
et al., 1997; Hill et al., 2000). However, not all the valu-
able information that the data holds is readily apparent in
the time domain so signal processing techniques are often
utilised to further examine the observations. Two common
signal processing techniques used in the detection of ob-
served baroclinic Rossby waves from satellite data are the
2 dimensional Radon (2D-RT) and Fourier (2D-FT) Trans-
forms. The 2D-RT provides an objective estimate of the
orientation of lines in Hovmo¨ller plots (for example, of the
characteristic westward propagating ridges and troughs of
SSHA that indicate Rossby wave propagation) in order to
objectively calculate the speed of the dominant signal in
the plot. The 2D-FT reveals the spectral components of the
data so that the signal in the data can be examined in the
frequency domain.
Previous literature has suggested that multiple peaks in
sea surface height (SSH) and sea surface temperature (SST)
spectra as detected by the 2D-RT and 2D-FT may be the
surface signature of higher order baroclinic Rossby modes
in the ocean (e.g., Cipollini et al. 1997; Subrahmanyam
et al. 2001). Multiple peaks in the Radon Transform anal-
ysis indicate anomalies traveling at varying speeds while
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the Fourier Transform can detect the spectral components
of multiple propagating signals.
However previous studies only examine this hypothesis
at specific locations in an ocean basin. This study examines
the presence of multiple peaks from 2 dimensional Fourier
and Radon Transform analysis for the entire South Pacific
basin from 10 years of sea level anomalies determined from
ERS (European Remote Sensing satellite) and T/P altime-
ter observations and attempts to determine whether their
speeds resemble those of higher order baroclinic Rossby
wave modes.
2 Data
Maps of Sea Level Anomaly (MSLA) are provided by
the Developing Use of Altimetry for Climate Studies
(DUACS) which is the Collecte Localisation Satellites
(CLS) near real time multi-mission altimeter data pro-
cessing system. MSLA are obtained from a complete
reprocessing of T/P and ERS-1/2 data. There is one
map every 7 days for a period of almost 10 years (14
October 1992 to 7 August 2002). T/P maps are available
for that entire time period, but there are no T/P+ERS
combined maps between January 1994 and March 1995
when ERS-1 was in geodetic phase. From June 1996
to February 2002, ERS-2 data are used. Details of the
data processing and mapping method can be found in
Le Traon and Ogor (1998) and Le Traon et al. (1998)
. The reader is also referred to the DUACS handbook
(www.jason.oceanobs.com/documents/donnees/duacs/
handbook duacs uk.pdf) for further details.
Maps are provided on a MERCATOR
 


grid, i.e., at
 


in longitude with latitude adjusted accordingly. Resolution
of kilometers in latitude and longitude are thus identical
and vary with the cosine of latitude (e.g., from 37 km at the
equator to 18.5 km at 60

N/S). Units are in centimeters.
This study focuses on the South Pacific Ocean from 10

S
to 50  S.
3 Method
3.1 Data treatment
Longitude-time series were extracted from the MSLA
dataset for every 1

of latitude with a 20

longitude run-
ning window from 10

S to 50  S. Windows or data blocks
with land were filled with a Gaussian interpolation scheme
if the gap width was less than 10% of the window. Other-
wise, the land was left in. Spikes and outliers in the dataset
were identified as more than three standard deviations away
from the mean and removed. These data were then Gaus-
sian interpolated. The two dimensional Gaussian interpola-
tion scheme places greater emphasis on space than in time
because it is expected that the values will be more closely
related in space. The full-width half maximum (FWHM)
and search radius were set to



and 1

in space and 1.4
days and 7 days in time.
Each window or data block is zero padded and passed
through what we refer to as the ‘westward-only’ filter
(Cipollini et al. 2001; Cipollini et al. 2004). This filter re-
moves stationary and eastward propagating signals (the sec-
ond and fourth quadrants in wavenumber frequency space)
leaving only westward propagating signals (the first and
third quadrants). This effectively also removes the annual
standing signal. Additionally, a few more spectral bins
around the annual peak are forced to zero to effectively re-
move any stationary quasi-annual signal. The Radon and
Fourier Transform analysis were then carried out. Both
methods are detailed in the following subsections.
Basin wide median speeds calculated from both anal-
ysis for every latitude are compared against linear theory
estimates for the first baroclinic mode and against modified
theory estimates for up to the fourth baroclinic mode. The
latter estimates are calculated by Killworth and Blundell
(2003a,b) for a fully perturbed and modified ocean bottom
with 1

resolution bathymetry.
3.2 2D-Radon Transform
The two-dimensional Radon Transform (2D-RT) can be uti-
lized to determine an objective estimate of the orientation
of lines in a Hovmo¨ller plot in order to objectively calculate
the speed of the dominant signal in the image. The 2D-RT
	
 at a given angle,  , is a projection of the image in-
tensity along a radial line oriented along a direction normal
to  (Deans 1983, Challenor et al., 2001)
	


ffflfiffi
ffi ff!

"#
%$'&fl()+*,-()./
0#
%()./"12fl$'&fl(ff43

 (1)
Alignments of the data at an angle in longitude-time
space are lines of constant speed. When  is orthogonal
to the direction of the alignments in the plot, the Radon en-
ergy is maximum. Computing the RT of a Hovmo¨ller for
different values of  , and then its energy, allows one to find
the value of  for which the energy is maximum. This ob-
jectively determines the angle of the predominant energy
signal in the data. The corresponding speed can then be
readily calculated from  from simple trigonometric con-
siderations, being proportional to tan(  ) (Cipollini et al.
2004).
The 2D-RT was calculated for each longitude-time se-
ries for  ranging from 0

- 90
 (every 1  ). Peaks were de-
tected by examining the first and second derivatives of the
standard deviation of the Radon Energy. The first derivative
is smoothed with a 5 point boxcar filter before computing
the second derivative. Speeds are then computed for angles
that show a peak in the Radon energy by multiplying the tan
of the angle with the ratio of the longitude resolution and
the time resolution. The significance of each peak is tested
by calculating its relative height. This is a ratio of the peak
to the mean value as used and defined in Hill et al., (2000)
. Distance of peak from mean value was also calculated.
3.3 2D Fourier Transform
A 2 dimensional Fast Fourier Transform (2D-FT) algorithm
can be used to examine the spectral components of the data
blocks. A 2D-FT allows a signal to be examined in its fre-
quency domain which can highlight valuable information
not readily apparent in the time domain (i.e in the hov-
mollers which show space over time). It allows the detec-
tion of the single components of the propagating signals
which may correspond to different baroclinic modes (e.g.,
Cipollini et al. 1997; Subrahmanyam et al. 2001). The 2D-
FT is an extension of the one-dimensional Fourier Trans-
form and in practice is implemented with the Fast Fourier
Transform (Brigham 1988). The 2D-FT is given by
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for a Hovmo¨ller, (BAS8"
ffi/8"  of T UWV pixels,
where AX/ are the pixel indices and 8"
	8" the pixel
dimensions in the 
 (longitude) and  (time) directions.
This is computed on a discrete grid
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The 2D-FT is performed and the power spectra is calcu-
lated by squaring the sum of the real and imaginary parts
of the transform. The origin is shifted to the centre so that
the zero frequency component will be in the middle of the
spectrum. The spectrum is also flipped so that westward
propagating features are in the left part of the spectrum.
Peaks in the spectrum and their corresponding wavelength
and frequencies were found. Speeds are readily calculated
by dividing the frequency over the wavenumber.
4 Results
4.1 2D Radon Transform
Figure 1 shows the Rossby wave speeds calculated from
the first peak in the 2D-RT analysis as well as the peak am-
plitude (standard deviation of the energy) and its relative
height, ie., its ratio to mean peak value.
In general, there are faster speeds equatorwards and
slower speeds polewards. In the mid-latitudes, speeds in-
crease on the western side of the basin. Between 10

S
and 15  S, however, some significantly slower speeds can
be seen in the mid to western side. These have been shown
to correspond to bathymetric features in the region (Ma-
haraj et al. 2004)
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Figure 1: speeds (cm/s), standard deviation of energy (ar-
bitrary units) and relative height for peak 1 in RT analysis
The greatest energetic variability is in the western side
of the basin—in a band between 20

S and 30

S in the west-
ern Pacific, the EAC return flow and south of New Zealand.
There is significant energy in a small zonal band between
30

S and 40

S which spreads meridionally around 240

E
to 250  E (in the region of the East Pacific Rise and the Pa-
cific Antarctic Rise) then two separate zonal bands between
20

S and 30

S and south of 40

S with very low variability
in between. There is some suggestion here of a relationship
to bathymetry (Maharaj et al. 2004).
The greatest relative heights, that is, the most significant
peaks, are in the south east of the basin with values rang-
ing from 1.8 to 2.5. The patterns here are also suggestive
of bathymetric interaction. For example, some peaks coin-
cide with ridges in the south east. Lowest relative heights
are in the north west of the basin where the peaks are not
significantly different from the mean value.
Figure 2 is a comparison of the median speed at each
latitude to the first baroclinic Rossby wave speed estimates
based on linear theory and the first to fourth order baro-
clinic Rossby waves from the modified theory of Killworth
and Blundell (2003a,b). It shows that southward of 20  S,
median speeds from the 2D-RT analysis lie between first
mode estimates from the two theories. Equatorward of
20

S, speeds are significantly lower but are still much faster
than the higher order modes save for one estimate at 11

S
which coincides with mode 2. These slow median speed
estimates are largely due to the anomalously slow speeds
seen in the north western part of the basin and have been
examined in some detail by Maharaj et al., (2004).
Figure 3 displays the equivalent information provided
in Figure 1 for the second peak in the 2D-RT analysis.
Missing values denote that no second peak was present.
Peak 2 speeds are almost everywhere consistently low (O
 2 cm/s) with the exception of two regions. Around
40

S, 200

E-220

E, there are some speeds of around
10cm/s. The second region is that pointed out in peak 1
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Figure 2: comparison of peak 1 median speeds to linear
estimates and modes 1 to 4 of a high resolution bathymetry
model run
Figure 3: speeds (cm/s), standard deviation of energy (ar-
bitrary units) and relative height for peak 2 in RT analysis
for anomalously low speeds (around 10  S 150-170  E and
180-210

E). In peak 2, these regions show higher speeds of
approximately 10-12 cm/s.
As in peak 1, maximum standard deviation shows that
the greatest energetic variability in peak 2 is also in the
western Pacific. Maximum values also lie in similar spa-
tial locations as peak 1. Relative height values in the west-
ern half of the basin are comparable to the relative heights
of peak 1 in the same location. This would indicate that the
second peak here is important. The most significant relative
heights are, again, in the south east of the basin.
Latitudinal median speeds for peak 2 (Figure 4) show
consistently low speeds over the entire basin. Speeds be-
tween 10

S and 20

S fall around 4cm/s and gradually fall
till 30

S where values show no real pattern. The second
peak in the RT shows median speeds increasing polewards
From 10

S to 30

S, peak 2 speeds fall around or slightly
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Figure 4: comparison of peak 2 median speeds to linear
estimates and modes 1 to 4 of a high resolution bathymetry
model run
Figure 5: speeds (cm/s), standard deviation of energy (ar-
bitrary units) and relative height for peak 3 in RT analysis
below mode 2-4 estimates. From 30

S to 35  S, they fall
between linear and mode 2 estimates. Polewards of 35  S,
estimates are largely between linear mode 1 and perturbed
mode 1 estimates.
Figure 5 are the results for the third peak in the 2D-RT
analysis. Note that there are now even fewer pixels with
values indicating that no third peak was present for most of
the basin.
Speeds are mostly very slow with some anomalously
high speeds scattered all over the basin. These speeds range
around 10cm/s and a few isolated points at over 25cm/s. A
comparison by eye of these pixels indicates that they have
very low relative height ratios and hence are most likely
spurious.
Maximum standard deviation shows that variability is
similar to the first two peaks. Highest values are in the EAC
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Figure 6: comparison of peak 3 median speeds to linear
estimates and modes 1 to 4 of a high resolution bathymetry
model run
return flow and south east of New Zealand. Highest relative
height values for peak 3 are again in the south east but the
number of points here are low. The largest presence of peak
3 occurs in the mid and western basin. These show relative
heights of between 1 and 1.5 so are likely to be real.
A comparison of median speeds (Figure 6) indicates
very slow speeds between 20

S and 35

S with speeds in-
creasing equatorwards and polewards. Between 25

S and
35

S, most speed estimates are close to or around modes 2
to 4. Equatorwards of 25

S, speeds are largely below mode
4. From 35

S to 40

S, speeds are between linear and mode
2 and polewards of 40

S, speeds are faster than mode 1.
Note, however, that there are a very small number of sam-
ples with a third peak and while peaks are being screened
through the calculation of relative heights, no peaks have
been discarded. Peaks with relative heights below 1 should
be cast aside as quality control.
4.2 2D Fourier Transform
Figure 7 shows the speeds computed from the first peak
in the 2D-FT analysis and its amplitude. There are very
fast speeds ( 20 cm/s) around New Zealand and small re-
gions east and west of the basin around 10

S. North of
20

S are fairly slow speeds of greater than 7cm/s and in
particular between 190

E and 220

E. This is also apparent
in the RT analysis. These values are significantly below the
first mode linear or perturbed estimates. Polewards of 20

S,
with the exception of around New Zealand, speeds are slow
(less than 5cm/s) but fall within linear and perturbed esti-
mates (Figure 8)
The maximum energetic signature is very similar to that
produced by the 2D-RT analysis. The most energetic part of
the region is a zonal band between 20

S and 35

S, west of
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Figure 7: speeds and energy for peak 1 from the FT analysis
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Figure 8: comparison of peak 1 median speeds to modes 1
to 4 of a fully perturbed model run
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Figure 9: speeds and energy for peak 2 from the FT analysis
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Figure 10: comparison of peak 2 median speeds to modes
1 to 4 of a fully perturbed model run
around 220

E in the region of the EAC. There is some high
variability south of 30

S and 240

E, a peak around 190

E,
45  S (south east of New Zealand) and between 10  S to
15  S, west of 175  E.
The speeds and peak amplitude for peak 2 are shown
in Figure 9 and median speed comparisons in Figure 10.
A large area of the tropics show faster speeds here than in
peak 1, especially in the eastern tropics. Again, very fast
speeds are seen around New Zealand. Comparison to lin-
ear and perturbed modes indicates speeds close to perturbed
first mode values. Peak amplitude is similar to peak 1 en-
ergy. Figures 11 and 12 show similar values for peak 3.
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Figure 11: speeds and energy for peak 3 from the FT anal-
ysis
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Figure 12: comparison of peak 3 median speeds to modes
1 to 4 of a fully perturbed model run
5 Discussion and Conclusion
This study tested the hypothesis that multiple peaks in the
Radon and Fourier Transform analysis of sea level anoma-
lies may correspond to higher order Rossby wave baro-
clinic modes over the entire South Pacific Ocean basin. The
first three peaks of the Radon and Fourier Transform were
found and described in terms of peak amplitude and esti-
mated speeds. For the Radon Transform, relative heights
were calculated as a means to screen peaks. Estimated
speeds were then compared against speeds for the first baro-
clinic Rossby wave mode based on linear theory as well as
speeds for the first four baroclinic modes for a fully mod-
ified and perturbed ocean with high resolution bathymetry
(Killworth and Blundell 2003a,b), commonly referred to as
the ”perturbed” or ”modified” theory.
For the Radon Transform analysis, speeds calculated
from the first peak generally fell between estimates for the
first baroclinic mode propagation speed from linear and
the modified theory. Results from the higher order modes,
however, were more equivocal. The relationship between
secondary peaks and the higher order speed estimates var-
ied with latitude. While the second and third peaks yielded
speeds that fell within the range of higher order baroclinic
modes in the lower to mid latitudes (between 15  S and
30

S) , they were significantly faster in the high latitudes.
It is important to note that while relative heights were cal-
culated, no peaks were excluded in these results. As a first
measure, relative heights below a threshold of 1 must be
removed to quality control the peaks before any physical
meaning is given to the results. It is also interesting to note
that the second and third peaks are not ubiquitous over the
basin. On the contrary, higher order peaks are successively
harder to find. This result supports the general idea that no
more than the first three modes are important for Rossby
wave propagation.
The energetic variability and speed estimates for the first
peak in the Fourier Transform results generally agree well
with the Radon Transform results, i.e, very slow speeds
equatorwards of 20

S but otherwise between linear and
modified estimates for the first baroclinic Rossby wave.
The second and third peaks, however, show little resem-
blance to second and third peaks in the Radon Transform.
In fact, apart from slower speed estimates equatorwards of
20

S, the rest of the speed estimates resemble the first peak
estimates. Clearly, we are not capturing the higher order
peaks, if they exist and are resolved in the Fourier analysis.
The secondary peaks being captured in the analysis is more
likely leakage from the first peak. A more rigorous method
for scanning for secondary peaks needs to be established to
first of all, confirm whether these spectral peaks exist. If so,
then a method for screening peaks is also warranted.
These results illustrate what may be inherent differ-
ences between the Radon and Fourier Transform analysis.
While the Radon Transform seems to easily capture multi-
ple ”modes” of signal in the longitude-time or Hovmo¨ller
plots, the Fourier Transform seems to largely focus on the
most dominant signal. The Fourier Transform may also be
more heavily dependent on the length and resolution of the
dataset. Therefore it may be more appropriate to vary the
window length of the analysis over different latitudes.
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